for row crop production. The adaptation of precision agriculture tools that allow for machinery guidance have made strip-till an even more appealing option for row crop production. Strip-till is a conservation tillage technique that allows both intensive till and no-till soil management with one implement. Strip-till is generally defined as any tillage that only loosens the soil and removes or incorporates residue in a narrow (7-10 inches) band set to a 4-to 8-inch depth ahead of planting (Allmaras and Dowdy, 1985) . Most strip-till implements till an area of 7 to 10 inches in every 30-inch row spacing, allowing for the planting of 30-inch rows directly over the top of tilled areas, leaving the area between rows undisturbed. Strip-till can be completed in spring or fall and can be combined with deep banded fertilizer in each row.
Early research into strip-till management dates back to the 1970s when the practice first found acceptance for use in row crop management (Griffith et al., 1973; Oschwald, 1973; Glenn and Dotzenko, 1978) . Although strip-till in corn has been studied extensively (Vyn and Raimbault, 1992; Morrison, 2002; Licht and Al-Kaisi, 2005a) , its effect on soybean seed yield has been relatively inconclusive (Vyn et al., 1998; Janovicek et al., 2006; Farmaha et al., 2011) . Early studies on the use of strip-till in soybeans provided intriguing insights into the possible yield potential with strip-till (Oschwald, 1973; Vyn et al., 1998; Farmaha et al., 2011) . Vyn et al. (1998) were some of the first to investigate the use of strip-till in soybean production with modern strip-till machinery. They explained that fine-textured soils can be a challenge for notill farming, which can result in cold, wet, and unfavorable seedbed conditions. With objectives of determining more efficient tillage systems to replace no-till in fine-textured soil, their study determined that strip-till increased soybean seed yield by up to 29% compared with no-till. They concluded that the yield increases were attributed to warmer soil temperatures and improved seedbed conditions (Vyn et al., 1998) . Other strip-till research investigated the effects of surface and subsurface fertilization in no-till and strip-till systems (Farmaha et al., 2011) . Farmaha et al. (2011) determined that strip-till treatments out-yielded no-till treatments in nearly all situations. Conversely, when studying strip-till and its response to row spacing, Janovicek et al. (2006) found that strip-till had no effect on yield compared with no-till in narrow widths. There is evidence that strip-till can be used as a productive management tool for corn and soybean yield and to promote environmental stewardship; however, further research in the Upper Midwest is needed.
Because the use of strip-till in soybean production is relatively understudied, there has been little effort in including multiple management practices in a single study to determine the best possible treatment combination. The novelty of this study is the combination of strip-till timing, row spacing, and fertilizer placement, which has never been studied in combination. Therefore, by combining strip-till with different commonly used soybean management practices, the objectives of the study were: (i) to quantify the effect of no-till and strip-till timing, crop row spacing, and fertilizer placement on soybean plant population, canopy coverage, and seed yield; (ii) to evaluate no-till and strip-till timing and/or crop row spacing on soil temperature and penetration resistance; and (iii) determine the best management recommendations for strip-till use in Wisconsin soybean production systems.
Materials and methods
A small-plot trial was conducted in Arlington, WI, during the 2016, 2017, and 2018 growing seasons and a field-scale trial was conducted during the 2016 and 2017 growing seasons. Soil types in the small-plot study site consisted of Ripon (fine-silty, mixed, superactive, mesic Typic Argiudolls; 2-6% slopes) and Plano (fine-silty, mixed, superactive, mesic Typic Argiudolls) silt loam (till substratum, 2-6% slopes). Soil fertility across the study site was 25 ppm P (high) and 148 ppm K (high) (Laboski and Peters, 2012) . Treatments in this study were arranged in a randomized complete block incomplete factorial design with four replications that consisted of combinations of spring strip-till, fall strip-till, or no-till; banded fertilizer or surfaceapplied fertilizer; and 15-or 30-inch row spacings (Table 1) . Strip-till was applied by a four-row Remlinger unit with 30-inch spacing. To avoid planting over corn stalks from the previous year, the 30-inch row spacing plots were offset from the center of the previous year's corn row by 15 inches, and the 15-inch row spacing plots were offset by 7.5 inches. Fall striptill was performed within a week of the previous year's corn harvest and spring strip-till was conducted within a week of soybean planting. A 15-38-131 lb acre -1 N-P-K granular fertilizer was applied to every plot with the same equipment, either as 7-inch deep banded or surface broadcast applications. Syngenta NK Brand 'S20-T6' soybean with CruiserMaxx seed treatment (ChemChina, Beijing, China) was planted in 15-and 30-inch rows at 140,000 seeds acre -1 at a depth of 1 inch on 17 May 2016, 15 May 2017, and 30 April 2018. For striptill plots, the 30-inch row spacings were planted directly over the strip-till rows, whereas the 15-inch row spacings were planted with every other row planted directly over the striptill rows.
Field-scale trials were conducted in four study sites in Sharon, WI, during the 2016 and 2017 growing seasons. Soil types consisted of Plano silt loam (till substratum, 0-2 and 2-6% slopes), Pecatonica silt loam (fine-loamy, mixed, superactive, mesic Typic Hapludalfs; 0-2 and 2-6% slopes), and Miami (fine-loamy, mixed, active, mesic Oxyaquic Hapludalfs; 2-6% slopes). Soil fertility across the study site was 33 ppm P (excessively high) and 154 ppm K (high) (Laboski and Peters, 2012) . Trials were arranged in a randomized complete block design with three replications. Plot length depended on the length of the trial location but was no less than 750 ft; plot width was 30 ft for all treatments. There were five treatments consisting of combinations of no-till and strip-till, fertilizer placement, and row spacings ( Table 2 ). All strip-till was completed with a 12-row Kuhn Krause Gladiator strip-till unit with 30-inch spacing and a Montag fertilizer box that allowed for deepbanded fertilizer application. To avoid planting over corn stalks from the previous year, the 30-inch row spacing plots were offset from the center of the previous year's corn row by 15 inches, and the 15-inch row spacing plots were offset by 7.5 inches. Strip-till treatments were conducted each May within a week of soybean planting. A 15-38-131 lb acre -1 N-P-K granular fertilizer was applied to every plot by the same equipment, either as 6-inch deep banded or surface broadcast application. Soybean was planted at 140,000 seeds acre -1 into all plots at either 15-inch or 30-inch row spacing with a split-row Case IH PT 1200 that can plant either 15-inch or 30-inch rows. For the strip-till plots, the 30-inch row spacings were planted directly over the strip-till rows, whereas the 15-inch row spacings were planted with every other row planted directly over the strip-till rows.
Soil Temperature
In the small-plot trials in 2016-2018, Tidbit version 2 (Onset Computer Corporation, Bourne, MA) temperature loggers were placed 1.5 inches deep in spring strip-till, fall strip-till, and no-till rows in all four replications. Temperature loggers were installed immediately after strip-till was complete and remained in the soil until mid-July. While deployed, the temperature loggers recorded daily average soil temperature from hourly logging intervals beginning and ending at 12:00 AM. Data were extracted by HOBOware software (Onset Computer Corporation, Bourne, MA). In the on-farm trials in 2016 and 2017, loggers were installed in the same fashion, one in strip-till rows and one in a no-till rows in two replications per location.
Soil Penetration Resistance
In the small-plots in 2017 and 2018, a FieldScout (Spectrum Technologies, Inc., Aurora, IL) SC 900 soil compaction meter with a 0.5-inch cone was used to collect penetration resistance. Measurements were collected between the VE and V3 soybean growth stages (Fehr and Caviness, 1977) . The meter recorded penetration resistance (lb inch -2 ) at 1-inch increments to a depth of 18 inches. In the 15-inch row spacing plots, measurements were taken within the third and fourth row, whereas in the 30-inch row spacing plots, measurements were taken within the second and between the second and third row. At both row spacings, six measurements were taken in two different row locations: the first three measurements were taken in a crop row and the second three measurements were taken between crop rows. Consequently, in plots with strip-till, the first three measurements within the plot were taken in a strip-till row and the second three measurements were taken between strip-till rows. In 2017, the same protocol was used for the on-farm trials, whereas in-row and between-row locations were chosen in the center rows of each plot.
To evaluate soil moisture conditions during the penetrometer measurements in the small-plot and on-farm trials, the soil moisture readings were recorded with a FieldScout (Spectrum Technologies, Inc.) TDR 300 soil moisture meter. One volumetric water content reading was recorded from the upper 8 inches of the soil profile immediately following and adjacent to the soil penetration resistance measurements in each plot in both the small-plot and on-farm trials.
Plant Population
In the small-plot and on-farm trials, plants were counted from a 25-ft 2 area in the center of each plot at the V3 soybean growth stage (Fehr and Caviness, 1977) . In the 30-inch row spacings, plants along 5 ft of the center two crop rows from each plot were counted and in the 15-inch row spacings plants along 5 ft of the center four crop rows from each plot were counted. Stand counts were then converted to 
Canopy Coverage
In 2017 and 2018, the percentage of canopy coverage was estimated in the small-plot study two times per week throughout the growing season until full canopy was observed in every plot. In 2017, initial canopy coverage percentage measurements began on 23 June and in 2018, the initial measurements began on 14 May. To capture an optimal and reproducible image frame, a photo stand with a right-angle arm mounted parallel to the ground was manufactured. A Nikon Coolpix A300 camera was mounted on the end of the arm with the focal point facing perpendicular to the ground. Flags were placed between the center two rows of each soybean plot, which allowed for repeatable image capture from the same image frame in each of the 32 plots. 
Yield
In 2016, 2017, and 2018, the small plots were harvested at plant maturity with an Almaco SPC40 plot combine (Almaco, Nevada, IA). The center two rows from plots with 30-inch row spacings and the center four rows from 15-inch row spacings were harvested. Grain weight and moisture were recorded and yield was converted to bu acre -1 and adjusted to a moisture content of 13%.
In 2016 and 2017, the on-farm plots were harvested at plant maturity with a New Holland CR 7.90 Everest 20 (New Holland Agriculture, CNH Industrial). The entire plot width (30 ft) and length was harvested, weighed, converted to bu acre -1 and adjusted to a moisture content of 13%.
Statistical Analysis

Soil Temperature
Soil temperature data from the small-plot and on-farm trials were analyzed via b-splines and repeated measures analysis of covariance with the PROC GLIMMIX procedure in SAS version 9.4. Average temperature was analyzed separately for each year. Day of year between the 120th day and the 160th were considered in the analysis, which, in Wisconsin, corresponds to the typical planting season for soybean (USDA-NASS, 2016). Tillage, day of year, and their interaction were treated as fixed effects. In the small-plot trial, the random effects were replication and tillage × replication; in the on-farm trials, the random effects were the location, replication × location, and tillage × replication × location. The first-order autoregressive covariance structure for the day of
year was used to account for repeated measures and a pairwise analysis of the 95% confidence intervals was conducted each day between tillage treatments.
Penetration Resistance
Soil penetration resistance was analyzed via repeated measures ANOVA with the PROC GLIMMIX procedure in SAS version 9.4. In the small-plot trial, tillage, row spacing, row location, and depth were treated as fixed effects.
Year, year × replication, tillage × replication × year, row space × replication × year, and row location × replication × year were considered as random effects. In the on-farm trial, treatment combination and depth were treated as fixed effects and location, replication × location, and treatment × replication × location were considered as random effects. The first-order autoregressive covariance structure for the depth was used to account for repeated measures. The level of significance was set to 5% (α = 0.05). Significant fixed effects were sliced by depth and Tukey's adjustment was used to correct for multiplicity.
Soil moisture content was analyzed via repeated measures ANOVA with the PROC GLIMMIX procedure in SAS version 9.4. In the small-plot trial, tillage, row spacing, and row location were treated as fixed effects.
Year, year × replication, tillage × replication × year, row space × replication × year, and row location × replication × year were considered as random effects. In the on-farm trial, treatment combination was treated as a fixed effect and location, replication × location, and treatment × replication × location were considered as random effects. The level of significance was set to 5% (α = 0.05) and pairwise differences were conducted via Tukey's adjustment for multiplicity.
Canopy Coverage
Canopy coverage was analyzed with RStudio version 1.1.456. The main effects were analyzed individually by year. Replication and the remaining treatments were considered as random effects. Analyses were separated by year because of year-to-year variation in canopy coverage. For each year and main effect (12 combinations), the nlme function in the R package nlme (Pinheiro et al., 2007 ) was used to model the percentage of canopy coverage by day. The update function was used to refit the original models with two covariance structures (first-order autoregressive covariance structure and compound symmetry) and the Akaike's information criterion (Akaike, 1973) values were compared from each model. The model with the lowest Akaike's information criterion was selected for each of the 12 year × treatment models and the dates that canopy coverage reached 50% were compared.
Plant Population and Yield
Small-plot soybean seed yield and plant population data were analyzed via the PROC GLIMMIX procedure in SAS version 9.4. Data from 2016-2018 were combined in the analysis. Tillage, fertilizer, and row spacing were considered as fixed effects.
Year, year × replication, tillage × replication × year, fertilizer × replication × year, and row space × replication × year were considered as random effects. The level of significance was set to be 5% (α = 0.05) and pairwise differences were conducted via Tukey's adjustment for multiplicity.
On-farm yield and plant population data were analyzed with the PROC GLIMMIX procedure in SAS version 9.4. Data from 2016 and 2017 were combined in the analysis. Treatment combinations were considered as fixed effects; year, location, year × location, replication × year × location, treatment × year, treatment × location, and treatment × year × location were considered as random effects. The level of significance was set to be 5% (α = 0.05) and pairwise differences were conducted with Tukey's adjustment for multiplicity.
Results and Discussion
Soil Temperature
No differences in average daily soil temperature were observed among spring strip-till, fall strip-till, and no-till plots in either the small-plot or on-farm trials for any date during the 2016-2018 growing seasons. Therefore, data for this measurement are not shown. Because daily fluctuations in temperature were averaged across a 24-hour period, differences in soil temperature were probably masked. If the soil temperatures had been recorded hourly, there could have been an effect of tillage present at peak high-and low-temperature periods. Although no studies compare spring strip-till with fall strip-till, Licht and Al-Kaisi (2005b) included spring strip-till, chisel plow, and no-till in their study and observed no differences in soil temperature among tillage types between day of year 101 to 104 at one study site. Additionally, they also determined that strip-till had greater soil temperature than no-till during the times of the day when the temperature had reached its maximum value (hours 12-16) at some study sites. Because our study only recorded average soil temperature, no comparisons with Licht and Al-Kaisi (2005b) can be made at hourly intervals.
Soil Penetration Resistance
In the small-plot trial, tillage × row location × depth and row spacing × row location × depth significantly affected soil penetration resistance ( Fig. 1 and Fig. 2, respectively) . With both fall and spring strip-till, a reduction in penetration resistance was observed in in-row locations compared with between-row locations (Fig. 1A, B ). In spring strip-till, differences were observed up to a 5-inch depth, whereas, with fall strip-till, differences were observed up to a 3-inch depth.
In the in-row location, spring strip-till resulted in decreased penetration compared with no-till between the 2-and 4-inch depths (Fig. 1C ). In the in-row location, fall strip-till resulted in decreased penetration resistance at a 3-inch depth (Fig.  1D) . Neither spring strip-till or fall strip-till produced differences in the upper 1 inch of the soil profile compared with no-till in the in-row location, which was probably the result of planter disturbance in no-till rows (Fig. 1C,D) .
Within the 15-inch row spacings, the in-row location exhibited reduced penetration resistance compared with the between-row location in the upper 5 inches ( Fig. 2A) . In the 30-inch row spacings, there was a reduction in penetration resistance in the in-row location between 1 and 3 inches compared with the between-row location (Fig. 2B) . Within between-row locations, the 30-inch row spacing exhibited a reduction in penetration resistance compared with the 15-inch row spacing (Fig. 2C) . This was an unexpected finding, as it was presumed that between rows, the 15-inch row spacing would have had a reduction in penetration resistance compared with the 30-inch row spacing in the upper 2 inches as a result of planter disturbance. Overall, penetration resistance was reduced in both spring and fall strip-till rows compared with no-till, which could have contributed to a more favorable rooting zone for soybean production. Soybean is responsive to reductions in penetration resistance. Voorhees (1989) found that reducing soil penetration resistance improved root activity and seed yield in soybean.
Differences in soil moisture in the upper 7 inches were observed for one of the penetration resistance comparisons. In the 15-inch row spacing, the between-row location had 2.2% more volumetric water content than the in-row location ( Fig. 2A) . Although soil moisture differences were observed in the upper 8 inches, differences in penetration resistance were presumably caused by treatment effects (i.e., tillage, row spacing, and row location).
In the on-farm trials, a significant treatment combination × row location × depth interaction was observed (Fig. 3) . In Treatments 2 (strip-till, 30-inch row spacing, surface fertilizer) and Treatment 4 (strip-till, 30-inch row spacings, banded fertilizer), the in-row locations exhibited reduced penetration resistance compared with between-row locations for the 1-to 5-and 0-to 3-inch depths respectively (Fig. 3A,B) . Within the in-row locations, Treatment 2 (strip-till, 30-inch row spacing, surface fertilizer) exhibited significantly reduced penetration resistance compared with Treatment 5 (no-till, 15-inch row spacing, surface fertilizer) between 2 and 5 inches (Fig. 3C ). Within the in-row locations, Treatment 4 (strip-till, 30-inch row spacing, banded fertilizer) had significantly less penetration resistance than Treatment 5 (no-till, 15-inch row spacing, surface fertilizer) between 2 and 4 inches (Fig. 3D ).
Both the small-plot and on-farm trials exhibited reduced penetration resistance in in-row locations than in the between-row locations in the upper 7 inches of soil. On-farm penetration resistance data were also consistent with the small-plot data, in that the within in-row locations, the strip-till plots exhibited reduced penetration resistance compared with no-till plots within the tillage zone. These results were constant with Stars denote that there was a significant difference between treatments. The SEs represent the standard error of the mean. Licht and Al-Kaisi (2005b) and Busscher et al. (2000) , who detected reductions in penetration resistance in tilled rows compared with the no-till rows. Overall, our results suggest that in both the small-plot and on-farm trials, strip-till effectively decreased penetration resistance in strip-till rows.
Canopy Coverage in Soybean
This parameter was evaluated in the small-plot trials only. There were no significant differences in days to 50% canopy coverage by year among any main effects (Fig. 4 ). There was variation in days to 50% canopy coverage by year, probably caused by differences in planting date among years. No trends were evident for the treatment × year interaction. It is unclear why similar patterns were not present each year; however, planting date and environmental conditions could have affected the results. Similar results were observed by Hankinson et al. (2015) , who found no differences in days to reach 90% canopy closure between starter fertilizer applications and nontreated controls. Our results do not support Wells (1991) , who found that narrow row spacing resulted in earlier canopy coverage and greater light interception than wide row spacing. Yearly variation within canopy closure was evident and was probably caused by planting date and environmental conditions (Fig. 4) . Overall, there is no evidence that treatments affected canopy closure in this study.
Yield
In the small-plot study, the row spacing × tillage interaction was significant (Table 3) . Spring strip-till with 15-inch row spacing yielded 4.5 bu acre -1 (6.7%) more than fall strip-till with 15-inch row spacing (Table 4 ). No other differences were observed. In the on-farm study, there were no significant effects of treatment combinations on seed yield (P = 0.9017). Soybean planted at 15-inch row spacing in Wisconsin have been found to significantly improve yield compared with 30-inch row spacing in Wisconsin (Oplinger and Philbrook, 1992; De Bruin and Pedersen, 2008) . Our results suggest that because no differences were observed between treatments, strip-till and/or banded fertilizer may contribute to the improved yield at 30-inch row spacing. These results are inconsistent with Andrade et al. (2019) , who used a database of experimental and producer data from across the United States and found that growers in northern and southern regions of the United States gained significantly greater soybean yield with narrow rows (i.e., 15 inches) than with wide rows (i.e., 30 inches). However, soybean's yield response to narrow-row spacing in high-yielding environments, Fig. 4 . Mean number of days after planting it took to achieve 50% canopy coverage in small-plot trial soybean for respective treatments by year. The lines show the 95% confidence intervals. Triangles, 2016; circles, 2017; squares, 2018 . 30-in NT 61.9ab 0.636 † 15-in, 15-inch row spacing; 30-in, 30-inch row spacing; SST, spring strip-till; NT, no-till; FST, fall strip-till. ‡ Yields followed by the same letter within a given year and effect are not significantly different at α = 5%.
particularly the central United States, was less consistent (Andrade et al., 2019) . To further understand the effect of strip-till on soybean seed yield, more small-plot and on-farm research may be needed.
Conclusion
Our results suggest that soybean's seed yield response to strip-till was similar to that of no-till. In the small-plot trials, strip-till timing (fall versus spring) in the 15-inch row spacing influenced seed yield. In on-farm trials, no differences between treatment combinations were observed in plant population or seed yield. The absence of significant differences between no-till with 15-inch row spacing and strip-till with 30-inch row spacing suggests that the perceived yield deficit normally associated with 30-inch row spacing was reduced with the use of strip-till. Understanding the interactions among management practices is important for the implementation of strip-till in soybean production. Moving forward, further research is needed to determine additional management practices that are useful to combine with striptill to enhance the overall effect of strip-till on soybean seed yield.
